INTRODUCTION
============

Schizophrenia is a complex mental disorder typically manifesting multiple neuropsychiatric symptoms, such as hallucinations, delusions and disorganized speech. Affected individuals show reduced motivation, social withdrawal and cognitive deficits \[[@ref1]\]. The illness quite strikingly impacts the quality of life of the affected individuals, their families and society. With only 8% employed, the disease represents a considerable economic burden with approximate costs of 11.8 billion pounds in United Kingdom and 155.7 billion US dollars in the US according to recent studies \[[@ref2],[@ref3]\].

The risk for developing schizophrenia during lifetime is set at 1−1.5% globally, and thus, the most prevalent disease among major psychoses, frequently manifesting symptoms in early adulthood \[[@ref4]\]. In addition, the lifetime expectancy of schizophrenia patients is reduced by 15 to 20 years compared to people not suffering any severe mental illness highlighting the life-threatening character of the disease \[[@ref2],[@ref3]\].

The etiology of schizophrenia is so amply complex that its causes are not yet fully understood. Both, genetic and environmental factors seem to constitute the main players in the occurrence of the disease. About 40% of genes linked to schizophrenia deal with the response of the brain to infections \[[@ref5]\]. As per environmental triggers, exposure to inflammation or acute stressors in utero, on one side, and perinatal brain injury and/or chronic cannabis consumption, or other drug abuse, on another, are believed to be determinant for disease onset \[[@ref6]\]. In any case it seems that dysregulation of brain dopamine pathways is a common underlying cause of symptoms and thus the target of many drug-based therapies \[[@ref7]\]. Glutamatergic deficient neurotransmission has also obtained attention as a key defect in schizophrenia \[[@ref8]\]. In addition, a subgroup of about 30 to 50% of patients report low levels of inflammation with increased production of proinflammatory cytokines and C reactive protein \[[@ref9],[@ref10]\], perhaps due to microglia "priming" as a result of early life exposure to inflammatory agents. Due to patient heterogeneity the diagnosis of schizophrenia at present relies solely on clinical manifestations \[[@ref8]\], and therefore available treatments are unspecific and varied.

An increasing emphasis for early intervention of individuals manifesting psychotic symptoms has been noticed in recent years aimed at promoting recovery and preventing functional detriments \[[@ref11],[@ref12]\].

Among top recommendations for people between 15- and 17-years old presenting schizophrenia or recurrent psychosis by the National Institute for Health and Care Excellence guidelines (Department of Health of the United Kingdom) \[[@ref13]\] is the anti-psychotic aripiprazole, also prescribed for the treatment of bipolar disorder, major depressive disorder, autism and even for tic disorders. Its mode of action is related to dopamine and serotonin signaling, and common side effects include weight gain, vomiting, sleepiness, dizziness and constipation. Serious secondary reactions include anaphylaxis (serious allergic reactions that might lead to death), tardive dyskinesia (characterized by involuntary repetitive movements or "jerking" movements) and neuroleptic malignant syndrome (characterized by muscle rigidity, fever, confusion, fast heart rate and sweating that can be life-threatening).

With the aim of assessing past and new efforts towards the clinical treatment of schizophrenia, this review examines what have preferential forefronts of clinical trials (CTs) been from inception till present. Classification of study status and study phase are used as criteria of progress in the field. Study groups by sex and age together with countries and organisms involved in the studies are evaluated as indicators of populations studied and main promoters of both, pharmacological and drug-free methods to treat the disease. The review concludes presenting recent key advances in the field of stem cell biology as novel tools to revolutionize future forefronts of schizophrenia treatment research. It is expected that they will set the basis for the prospective design of clinical trials with an individualized perspective.

PAST CLINICAL TRIALS FOR THE TREATMENT OF SCHIZOPHRENIA OVERWEIGHS NEW INITIATIVES
==================================================================================

A search of registered clinical trials (Clinical trials webpage, 2019) \[[@ref14]\], using the terms: "schizophrenia" in the disease option AND "drug" OR "treatment" as additional terms, yielded a total of 3,086 studies. CT were further classified in relation to: study status, eligibility criteria of participants (age and sex), study type, study phase, funder type and geographic location for each one of the searches above mentioned. Findings were expressed as percentages of the overall data.

Among the 3,086 CTs performed towards the treatment of schizophrenia, 1,929 of them, representing \> 60% corresponded to completed studies and only 654 studies (21%) corresponded to active studies (including the categories for recruiting; enrolling by invitation; active, not recruiting and not yet recruiting) ([Fig. 1A](#F1){ref-type="fig"}). This indicates that past research on schizophrenia therapeutic options overweighs current clinical research efforts.

Among the 1,929 studies completed, almost 50% (1,483/3,086) did not have a study phase annotated; and the rest of the phases oscillated between 11−15% for each of them with lowest numbers corresponding to early phase and phase I studies ([Fig. 1B](#F1){ref-type="fig"}), again supporting a situation of reduced new forefronts compared to more advanced, old research.

Interventional studies were found to be prevalent (85%) over observational study designs (15%). Although no sex bias was notorious, a slight predominance of the male participants in the studies was noticed, suggesting the possibility of male-directed studies. Review of age inclusion criteria showed that adults from ages 18 to over 65 participated in most studies, while only 14% of the studies included patients of pediatric age (\< 18) ([Supplementary Table 1](#S1){ref-type="supplementary-material"}; available online).

Regarding funding resources, it was found that main investors correspond to Universities and other, with almost 50% of the invested money, closely followed by Industry. The lowest investment is attributed to Federal resources (National Institutes of Health and other, representing together only around 15% of them) ([Fig. 1C](#F1){ref-type="fig"}; [Supplementary Table 1](#S1){ref-type="supplementary-material"}).

It must be noted that the sections of participants by sex and age add to over 100% of the total number of studies due to overlaps when search filters are applied. Meaning that a study may commonly recruit participants of both sexes or indiscriminate older adult age or age in general. This must be considered when interpreting tabulated data of the supplementary files.

The country with the larger number of trials for the study of schizophrenia was USA, followed by Europe and China. Undeveloped countries reported the least number of trials. Surprisingly, developed countries with active research programs, large populations, and local pharmaceutical companies like Canada, Japan and Australia reported a relatively small number of studies, with only 280 CTs (\< 10%) in all three countries ([Fig. 2](#F2){ref-type="fig"}).

The fact that the number of CTs when adding all countries activities surpasses the total number of CT in schizophrenia (3,086 in total) indicates that many of the studies are multicenter and implicate international collaborations.

An additional filter to select among completed studies those reporting results was applied disappointedly finding that among the 1,929 completed studies, only 457 (24%) reported results ([Fig. 1A, D](#F1){ref-type="fig"}). Most of them (445) were interventional, with only 12 including observational objectives. Only 10% of them included participants on a pediatric age, and the age range 18−65 was prevalent above the older adult (\> 65) population. No significant sex bias in the inclusion criteria was detected ([Supplementary Table 2](#S1){ref-type="supplementary-material"}; available online). Of those 457 completed studies with results, most (69%) corresponded to phases II or later, while only 8% of the studies (37) corresponded to early phases of development, further supporting a more mature phase rather than early phases or new developments ([Fig. 1E](#F1){ref-type="fig"}). For the completed with results CTs, industry financing seems to have played a major role with over 50% of the initiatives, followed by universities and federal funds ([Fig. 1E](#F1){ref-type="fig"}; [Supplementary Table 2](#S1){ref-type="supplementary-material"}).

With the intention of evidencing the features of the CTs associating to current main treatments, a focused search for treatments in the categories of anti-psychotics, anti-depressants, dopamine antagonists and cognitive remediation therapy were performed. Analogously to the general search depicted above, search outputs corresponding to completed CTs with results were further classified by study status, eligibility criteria of participants (age and sex), study type, study phase, funder type and geographic location.

CLINICAL TRIALS OF SCHIZOPHRENIA WITH ANTI-PSYCHOTICS
=====================================================

The number of completed CTs evaluating the performance of anti-psychotics to treat schizophrenia was 1,451, with 1,015 completed and 286 (\< 30%) reporting results ([Fig. 3A](#F3){ref-type="fig"}; [Supplementary Table 3](#S1){ref-type="supplementary-material"}; available online). Among the studies completed with reported results, only 8% corresponded to studies in early phase, while over 80% corresponded to more advanced phases ([Fig. 3B](#F3){ref-type="fig"}). This indicates reduced new fronts of research in the area of this category of psychotropic compounds. It stands out the fact that main funders (70%) of these studies were industries followed at a great distance by both, universities and federal resources (approximately 15% contribution for each) ([Fig. 3C](#F3){ref-type="fig"}; [Supplementary Table 3](#S1){ref-type="supplementary-material"}).

Main implicated countries testing anti-psychotics were USA, followed by Europe and China. Developers of these compounds, like Japan, contributed to less extent to these trials ([Supplementary Fig. 1](#S1){ref-type="supplementary-material"}; available online).

CLINICAL TRIALS OF SCHIZOPHRENIA WITH ANTI-DEPRESSANTS
======================================================

In the case of anti-depressants, it was found that 431 CTs registered the assay of these compounds, with 302 being completed and 87 providing results (\< 30% of the completed) ([Fig. 4A](#F4){ref-type="fig"}). Almost all trials (99%) in this category were interventional with only one study reporting observational design. A predominance age range of adults from 18 to 65 years over older adults and children (17%) were reported. No sex bias was detected in these CTs either ([Supplementary Table 4](#S1){ref-type="supplementary-material"}; available online).

Early phases included a low number of CTs (7%) in relation to more CTs at more advanced phases, indicative of low recent activity at the initial steps of drug testing also here ([Fig. 4B](#F4){ref-type="fig"}). Finally, industry was the top funder of the research of this category of compounds (\> 70%) at a great distance with federal funds (19%) and the lowest participation of universities (10%) ([Fig. 4C](#F4){ref-type="fig"}; [Supplementary Table 4](#S1){ref-type="supplementary-material"}).

The geographic distribution of CTs of schizophrenia with anti-depressants follow a similar trend as the described for antipsychotics, with USA leading in numbers, followed by Europe and China, and with Little participation of Canada, Japan and Australia ([Supplementary Fig. 2](#S1){ref-type="supplementary-material"}; available online).

CLINICAL TRIALS OF SCHIZOPHRENIA WITH DOPAMINE ANTAGONISTS
==========================================================

In the category of dopamine antagonists, a total of 702 studies were found, among them, only 168 trials were completed with registered results (32%) ([Fig. 5A](#F5){ref-type="fig"}) while the rest of completed trials did not reported any. Most (99%) were interventional and, as the other drug-based trials from former sections, most included adults in the age range of 18−65, followed by older adults and a smaller participation of pediatric patients (14%). No sex bias was detected in these CTs either ([Supplementary Table 5](#S1){ref-type="supplementary-material"}; available online). In this case, the early phase completed with results trials corresponded to 6% (10/ 168), thus, indicating an advanced stage of research with over 90% of CTs in phase II or later ([Fig. 5B](#F5){ref-type="fig"}). Funding most notorious source in this category was industry in with over 80% of the overall funds and the lowest coming from universities (8%) ([Fig. 5C](#F5){ref-type="fig"}; [Supplementary Table 5](#S1){ref-type="supplementary-material"}). As for the previous category of drugs, clinical research with these compounds presents low current activity despite the many unknowns separating responders from non-responders and the paucity of information on potential sex-and age- factors playing a role in therapy, or the options to minimize therapy secondary effects.

The geographic distribution of CTs of schizophrenia with dopamine antagonists follow a similar trend as the described for antipsychotics and anti-depressants, as expected, with USA leading in numbers, followed by Europe and China, and with Little participation of Canada, Japan and Australia ([Supplementary Fig. 3](#S1){ref-type="supplementary-material"}; available online).

A limitation of the design presented here is that some compounds included in the group of antipsychotics, including risperidone, olanzapine, roflumilast, perphenazine and aripiprazole are also included in some CTs under the categories of anti-depressant and dopamine antagonists.

CLINICAL TRIALS OF SCHIZOPHRENIA WITH COGNITIVE REMEDIATION THERAPY & NATURAL COMPOUNDS
=======================================================================================

Although Cognitive Behavioral Therapy (CBT) was found ineffective by Kennedy and Xyrichis \[[@ref15]\], it was of interest to evaluate the efforts invested in this drug-free option for the treatment of schizophrenia as compared to pharmaceutical-based approaches.

A much lower number of CTs were found for this category (119) with a striking low participation of industry (only 4/119 or 3%) ([Supplementary Table 6](#S1){ref-type="supplementary-material"}; available online). Only 74 studies had been completed, and among those, only 16% contained registered data (12/74) ([Fig. 6A](#F6){ref-type="fig"}). All CTs completed with results studies appeared registered as interventional, and only one including pediatric participants ([Supplementary Table 6](#S1){ref-type="supplementary-material"}). Only 2 of the 12 appeared in late phases of development (phases III and IV) ([Fig. 6B](#F6){ref-type="fig"}), suggesting CBT may constitute a more recent initiative to explore alternative, drug-free methods to alleviate symptoms in schizophrenic patients. Contrary to drug-based CTs, none of the completed studies with results in this category were funded by the industry. Instead, federal funds led the initiatives in almost 70% of the cases (8/12) followed by universities (4/12) ([Fig. 6C](#F6){ref-type="fig"}; [Supplementary Table 6](#S1){ref-type="supplementary-material"}).

The geographic distribution of CTs of schizophrenia with CBT is also led by USA, only one study in Canada and another in Europe have been completed up to date indicating low activity in the development of drug-free therapeutic options for the management of the disease ([Supplementary Fig. 4](#S1){ref-type="supplementary-material"}; available online).

The fact that the number of CTs/country equal the total number of trials in this category (CBT completed and with results) suggests they consist of independent studies not involving international collaborations.

Interestingly, when all cognitive remediation trials are considered (119 CTs), the number of studies performed in Canada (14/119) reach an important percentage with almost 12% of studies, just behind USA (62/119) and Europe (34/119). China does not report any CT for this type of therapy (data not shown).

Other drug-free initiatives are the CTs exploring the therapeutic power of natural compounds, mainly focusing on their anti-inflammatory properties ([Supplementary Table 7](#S1){ref-type="supplementary-material"}; available online). Although still quite scarce (only 42 CTs), already 17 have been completed. Examples of these CTs using natural compounds can be found among this category, as it is the case of trial identifier number: NCT01793935 testing the effects of extracts from the plant *Withania somnifera* containing several bioactive molecules (withanolides, withanosides, indosides, withaferin-A, others) with attributed immunomodulatory, anti-inflammatory and stress reducing properties. Earlier results indicate minimal side effects while providing some benefits \[[@ref16]\].

A second example found was the CT with identification number: NCT02104752. A formulation with improved bioavailability of curcumin assessed by the neurogenesis marker brain derived nerve factor in addition to clinical symptoms \[[@ref17]\], with the objective of improving symptoms by reducing inflammation.

Among the novel initiatives worth mentioning we found NCT02769936 Phase I trial using a single dose of D-cycloserine as an experimental probe to evaluate the effects of enhancing N-methyl-D-aspartate receptor (NMDAR)- signaling on plasticity versus working memory in affected individuals; NCT00960219, evaluating the effects of benzoate, a D-amino acid oxidase inhibitor, as a method to enhance NMDA function \[[@ref18]\]; NCT 01390376, determining the benefits of the addition of benzoate to the last-line antipsychotic agent for refractory schizophrenia clozapine \[[@ref19]\]; and NCT01047592 using benzoate in combination with sarcosine, a glycine transporter I inhibitor acting as an adjuvant NMDA-enhancing agent \[[@ref20]\].

As an overall, it seems that evaluation of natural approaches rather than testing of synthetic small molecules are preferred among new initiatives. However, they seem presently rather scarce in number ([Supplementary Tables 6, 7](#S1){ref-type="supplementary-material"}).

FUTURE FOREFRONTS
=================

Although the term "schizophrenia" was coined about a century ago, a mental illness presenting psychotic discrete episodes was already described at the end of the XIX century by Kraepelin \[[@ref21]\], the review of historic documents has posited the disease to the beginnings of mankind. With such a long history of clinical descriptions and recompilation of data, with findings that include brain anatomic deformities in monozygotic twins \[[@ref22]\] and multiple neurological dysfunctions, it seems surprising that the disease still remains enigmatic at various levels. Not only its diagnosis stays poorly defined, currently relaying on unspecific clinical symptoms, but also controversies keep its origin under intense debate.

It is possible that subtypes of patients associating with different levels of progression or degree of affection in combination with multiple environmental factors difficult the identification of key players for the diagnosis. In fact, the International Society for Central Nervous System (CNS) Clinical Trials and Methodology Working Group states that perhaps it is a more realistic approach to identify patient subgroups sharing common biological patterns than try allocating a unique "schizophrenia biomarker" \[[@ref23]\]. The limitations for diagnosis and thus the heterogeneity of participants in CTs possibly has translated into difficulties towards identification of effective treatments. In line with this concept, a recent review by Maslej *et al*. \[[@ref24]\], highlights the relevance of personalizing schizophrenia treatments to contemplate individual response differences.

New technology might allow individualized studies overcoming previous limitations imposed by disease heterogeneity. The development of *in vitro* models including patient-derived induced pluripotent stem cells (iPSCs), brain organoid systems and human brain circuitry platforms will more faithfully reproduce true human disease scenarios compared to the artificial rodent and lower animal models available. Thus, they may help evaluate metabolic \[[@ref25]\] and epigenetic associations \[[@ref26]\] to further understand the multifactorial nature of schizophrenia and set subgroup criteria for patient subtyping. In addition, these systems might be key in exploring effective treatments of the disease by providing platforms for the screening of compounds in the affected pathways, at the individual level. The systems are capable of incorporating individual risk factors (DISC1, NRG1 and miR-137, and other), allelic variants of complement factor C4 genes and other that have been associated with excessive synaptic pruning \[[@ref27]\] and that may vary across individuals. To reduce unnecessary variance, however, identification of subgroups of patients presenting overlapping genotypes is recommended. Recent CNS model improvements have yielded the production of microglia, which are critical for the formation and maintenance of neural circuits, within brain organoids \[[@ref28]\]. Also, it is contemplated that 3D-vascular network could be possibly added to brain organoids in a near future.

These individualized *in vitro* platforms should also allow to discern individual cross-reactivity susceptibility commonly derived from drug unspecific interactions, allowing improvement of results in future CTs. Dosage comparison or combination with additional compounds to minimize drug-secondary effects, as for example, omega fatty acid supplementation, most likely to prevent weight gain and increased cholesterol levels are also among future improvements.

In summary, the prevalence of CTs with results in advanced phases indicates that the research of the treatment of schizophrenia with psychotropic agents is not new. Novel initiatives are few and mainly focused on natural drug-free alternatives, perhaps allowing future therapeutic options with reduced side effects. A paucity of CTs to determine sex- and age- differences among patients is also noticed. On another side, it seems worrisome that drug- free alternatives might attract less attention by pharmaceutical investments and thus remain underdeveloped. Future hopes seem to rely on CTs based on novel model findings at the individual level allowing the development of precision medical programs towards effectively treating schizophrenia. Perhaps the mentioned models serve to develop self-healing programs to repair the neurogenesis defects found in *post-mortem* brains of schizophrenic individuals \[[@ref29],[@ref30]\].

CONCLUSIONS
===========

-   CTs have intensively explored the treatment of schizophrenia with over 3,000 studies performed from which almost 2/3 are completed. Investigational designs were predominant over observational, most including adult, sex-unbiased populations.

-   The reduced numbers of ongoing (active) and early phase/phase I CTs indicate low research activity in new forefronts for the treatment of the disease.

-   Surprisingly, developed countries with active research programs, large populations, and local pharmaceutical companies producers of schizophrenia drug treatments, including Canada, Japan and Australia reported relatively small numbers of CTs (\< 10%) compared to USA and Europe (\> 70%).

-   The features of CTs for the three type of pharmacological treatments selected (anti-psychotic, anti-depressants and dopamine antagonists) fit with the trends of the completed trials in general, reaching, in the case of the selected treatments, up to 80% of funding resources from industry. By contrast, the non-pharmacological approach reviewed (cognitive remediation or CBT) included very low numbers of trials (74 CTs) and among the studies completed with results none were funded by industry.

-   The attributed anti-inflammatory and immune-modulatory properties of curcumin and extracts from the Indian plant *Withania somnifera* are being explored in CTs for treatment of schizophrenia. Only one of the 17 completed CTs has been sponsored by industry.

-   CTs with compound combinations to reduce drug- induced secondary effects are ongoing.

-   Future drug-free focused research, including CBT, life style control and the use of natural compounds to prevent and/or treat schizophrenia symptoms are urgently needed.

-   iPSCs derived from patients, brain organoid systems and human brain circuitry platforms are now available as promising models for the study of the disease. Future treatment trials relying on personalized, precision optimized programs perhaps oriented to potentiate neurogenesis and thus self-healing, are warranted.
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